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Examples of geoengineering methods (static and dynamic probings) that can be applied to analyses of geological envi-
ronments are presented. The potential is shown by the results of the determination of the values of the soil-density 
index (ID), the soil-behaviour index (Ic), the constrained modulus (M), the overconsolidation ratio (OCR) and their 
vertical changes. The values obtained for ID and Ic facilitate the determination of layers with a specific character. This 
is demonstrated for  several aeolian and glacial deposits in Poland. The application of static probings to the analyses 
of changes in OCR and M made it possible to identify several depositional phases and the effect of postdepositional 
processes.  Usages of the probings can significantly contribute to the interpretation of palaeo-environments (e.g. in the 
context of geostatistical models), but  the results obtained should be handled cautiously.
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1. Introduction
In situ soil penetration with probing pro-
vides important supplementing data for analy-
sis of the subsoil for foundations (e.g. Bażyński 
et al., 1999). It adds to routine analyses a quan-
titative element. Despite the introduction and 
continuous development of this research meth-
od in engineering sciences for over fifty years 
(Schnaid, 2009), its application is still relatively 
limited in earth science. It seems therefore jus-
tified to present here some case histories that 
show the potential advantages and limitations 
of using probings for soil testing.
1.1. Objectives
The main objective of the present contribu-
tion is to show how soil-penetration tests can 
be applied as useful research tools in analyses 
of the soil conditions. We focus here on the sim-
plicity and rapid performance of probings and 
on the reliability of the values found for the pa-
rameters characterising the soil. The transition 
from qualitative characteristics to quantitative 
(parametric) characteristics of the investigated 
soil is desirable in order to eliminate a subjec-
tive evaluation of analytical results. It seems 
worthwhile to mention here as an example the 
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method applied to describe the compaction of 
the grains in a non-lithified sediment (the so-
called grain-compactness density) by means 
of a characteristic of the contacts between the 
grains (Gradziński et al., 1986). It is obviously 
a time-consuming method, which is also diffi-
cult to apply in an objective way; moreover, it 
may be performed only in well-exposed areas 
because the collection of undisturbed samples 
of unconsolidated deposits is difficult. Appli-
cation of in situ probings can, to a considerable 
degree, eliminate the need to collect such sam-
ples, which is a considerable advantage.
The present contribution provides examples 
of how the depositional conditions are identi-
fied and how postdepositional processes have 
affected loose and cohesive deposits, based on 
the results of dynamic and static soil probings. 
It is indicated in which respect application of 
probings is convenient and – even more impor-
tant – what is the most reliable method to deter-
mine a lithostratigraphy for sediments which 
do not differ clearly from each other in terms 
of their lithology. Finally, it is the intention to 
present general outlines for the application of 
probings for geological (mainly sedimentologi-
cal) analyses.
2. Methodology and 
interpretation of the results
In situ soil probings have been applied for 
more than a century now. They were modified 
and improved, and the interpretations of the 
data have become more accurate (Tschuschke 
& Wierzbicki, 1998; Jamiolkowski et al., 2001; 
Frankowski, 2003; Młynarek & Wierzbicki, 
2007). Probings consist in the penetration of 
a conical gauge into the subsoil in order to de-
termine the resistance that the probe meets in 
the soil. Two main types of probing tests with 
probes can be distinguished, viz. dynamic and 
static tests. Several probing types may be dis-
tinguished: probings for dynamic tests drive 
the gauge cone into the soil by successive im-
pulses, whereas static probings have a continu-
ous thrust of 2 cm s–1. On the basis of the results 
thus obtained, several physico-mechanical pa-
rameters of soils are calculated, e.g. the density 
index (ID), the constrained modulus (M), and 
the internal friction angle (φ) (Pisarczyk, 2001; 
Młynarek, 2004). 
2.1. Dynamic probing
The density index of soils can be determined 
on the basis of light dynamic penetration 
probing. This type of probing determines the 
number of blows (N10) needed for a 10-kg ham-
mer, falling from a height of 0.5 m on an an-
vil that is constructed on a rod connected with 
the probe to make the probe penetrate the soil 
by 10 cm (Fig. 1). The number of blows is then 
converted (according to PN-2002/B-04452) into 
the value of the soil density index (ID) based on 
the formula:
  ID = 0.429 log N10 + 0.071 (Eq. 1)
In standard geotechnical analyses of the 
subsoil, probing is completed when the num-
ber of blows is larger than 30 over a section of 
20–30 cm in the soil profile. This is equivalent 
to the value for compacted soils (ID > 0.67, ac-
cording to PN-81/B-03020). 
It should be mentioned here that the prob-
ings in the analyses detailed underneath were, 
in contrast to the approach mentioned above, 
performed to an assumed depth, with the 
number of blows not being limited to the level 
specified by the standard, even it was over 70. 
This procedure enabled a more detailed analy-
sis than possible with the standard procedure, 
which was necessary because the present study 
required a higher accuracy of the measure-
ments than needed for a normal geotechnical 
test.
2.2. Static probing
Static probing, better known as Cone Pen-
etration Testing (CPT, CPTU), is a geotechnical 
analysis consisting of static, vertical penetration 
of a measuring gauge in the subsoil (e.g. San-
glerat, 1972; Młynarek, 1979; Lunne et al., 1997; 
Schnaid, 2009). The standards for the applica-
tion of this in situ test, which is one of the most 
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commonly applied geotechnical tests, are speci-
fied in the TC-16 manual (ISSMGE, 1999) and in 
the European Standard EN ISO 22476-1. 
In the course of the CPT-type probing, the 
cone resistance (qc) and sleeve friction (fs) are 
recorded (Fig. 2). Testing the CPTU method is 
supplemented during the test with measure-
ment of the pore-water pressure (u2). In the 
case of the CPTU method, the resistance and 
friction parameters are corrected, which is re-
quired because of the design of the measuring 
system, that is susceptible to the effect of the 
excess pore-water pressure in the soil that is 
induced during the penetration (Lunne et al., 
1997). As a result of this correction, a corrected 
cone resistance (qt) and a corrected friction at 
the sleeve friction (ft) must be used. The pa-
rameter ft is corrected sporadically only, be-
cause the pore pressure at the sleeve is usually 
not known. The friction ratio (Rf) is determined 
on the basis of parameters qc and fs after correc-
tion, i.e. qt and ft: 
  
(Eq. 2)
The use of additional geological information 
about the analysed subsoil, such as its hydro-
static pressure and the bulk density of the soil 
makes it possible to determine some important 
normalised parameters, such as the normalized 
resistance of the cone (Qt) and the normalized 
pore pressure parameter (Bq) (for details, see 
Lunne et al., 1997), parameters characterising 
the strength and deformation properties of the 
soil under investigation.
The results of static probing are used for 
a first interpretation of the geotechnical prop-
erties of the subsoil (Lunne et al., 1997; Sikora, 
2006; Mayne, 2007). Analyses conducted by 
Młynarek et al. (2008), and Wierzbicki & Ste-
faniak (2009) indicate that it is necessary for 
the purpose to describe the penetration proc-
ess using a complex model, taking into consid-
eration among other aspects the state of stress 
in the subsoil, the condition of the soil and its 
textural and structural characteristics. In order 
distinguish compartments of specific lithologi-
cal properties in the subsoil (i.e., homogeneous 
parts of the profile with characteristics differ-
ing from those of the adjacent material), one 
Fig. 1. Scheme of a dynamic penetration light probe 
(DPL).
Fig. 2. Scheme of a CPTU cone.
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may either use the values obtained directly by 
CPTU probing (qt, fs, uc), or interpret the values 
of geotechnical parameters such as the den-
sity index (ID) (Eq. 3), the constrained modu-
lus (M) (Eq. 4) or the overconsolidation ratio 
(OCR) (Fig. 3). The complicated character of 
static cone penetration makes it in practice im-
possible, however, to develop generally valid 
relationships between the above-mentioned 
geotechnical parameters on the basis of prob-
ing results. The present study uses the latter 
approach, which is – according to our expe-
rience – the most suitable for soils in Poland, 
because they can be estimated in detail due to 
local geoengineering conditions.
The density index is calculated according to 




C0, C1 and C2 are soil constants (e.g. for fluvial 
and quartz sand, C0 = 17.68, C1 = 0.50, and C2 = 
2.31); σ’v0 = the effective vertical stress [kPa]. 
The constrained modulus is calculated ac-
cording to the formula (Senneset et al., 1989):
 M = α (qt – σ’v0) (Eq. 4)
where α = a soil-type-dependent coefficient, 
ranging from 4 (non-cohesive soils) to 8.25 (co-
hesive soils).
The application of the values of the geo-
technical parameters to the geological inter-
pretation of the subsoil makes it possible, al-
though requiring more detailed analyses, to 
link the results of static probing with some 
features of the investigated deposits, such as 
different ages and depositional conditions, 
as well as postdepositional processes (Wierz-
bicki, 2009).
As mentioned above, the traditional CPTU 
parameter used to assess the lithological vari-
ation a profile is the friction ratio (Rf) (Lunne 
et al., 1997). Since the fs measurements cannot 
always be replicated (Lunne 2010) and because 
the correlation with the drainage conditions of 
the soil is not always clear, u2 should be inves-
tigated simultaneously. Determination of these 
parameters makes it possible, first of all, to rec-
ognise layers in the subsoil that differ with re-
spect to their soil type. Numerous classification 
diagrams are used for the purpose; their advan-
tages and drawbacks have been discussed by, 
among others, Młynarek et al. (1997) and Been 
et al. (2010). Long-term experience in the ap-
plication of classification diagrams has led in 
the past few years to the introduction of a new 
parameter that characterises the type of soil in 
CPTU, viz. the soil-behaviour index (Ic) (Rob-
ertson, 2009), which can be calculated accord-
ing to the formula:
Ic = [(3.47 – log Qt)2 + (log Rf + 1.22)2]0.5  (Eq. 5)
This parameter seems in many respects to 
reflect the subsoil lithology more accurately 
than the traditionally applied friction ratio (Rf) 
(Been et al., 2010). 
2.3. Correlation of probing results
The best methods to determine the geologi-
cal structure of the subsoil, up to a depth of 
around a dozen metres, include the exposure 
of the material, performed rather rarely, and 
drillings. The latter provide information on the 
geological structure only at the drilling site, 
however, so that the geological structure must 
be interpreted on the basis of drillings and cor-
relation of previously documented layers. Due 
to the high cost of drillings and their long dura-
tion, in situ soil probings have become increas-
ingly common, particularly in engineering ge-
ology and geotechnics. 
Fig. 3. Correlation of Qt with OCR showing the influence 
of Ip (in %) for cohesive soils (from Wierzbicki, 2010).
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It must be emphasized in this context, how-
ever, that unprocessed probing results, leaving 
space for different interpretations of the inter-
pretation diagrams from both Polish and Eu-
ropean standards – particularly in relation to 
static probings – frequently do not reflect the 
actual geological structure of the subsoil. It is 
therefore common practice to drill at least one 
borehole, which is used as a reference point for 
the calibration of local probing results. With 
such a reference point for correlations, prob-
ings become useful and their interpretations 
then turn out to be more reliable and precise. 
3. Examples of the application 
of in situ soil probings in 
geological analyses 
The present contribution focuses on the ap-
plication of the results from dynamic and static 
soil probings for three purposes: (1) evaluation 
of the suitability of these techniques for the rec-
ognition of boundaries between sedimentary 
layers with different lithologies, (2) reconstruc-
tion of the variations in the depositional condi-
tions of the sediments, and (3) identification of 
the characteristics of postdepositional changes 
in the sediments. The case histories chosen here 
concern investigations performed lately by the 
present authors in the Warta-Noteć interfluvial 
region (WNI), the Kampinos National Park 
(KNP), the Słowiński National Park (SNP) and 
the Parsęta Lobe (PL) (Fig. 4).
3.1. Determination of lithogenetic 
variation in subsoil
A first example regarding the application of 
(dynamic) probings concerns the area of inland 
dune fields in the KNP and WNI; the probings 
were performed in terraces of the Wisła, Warta 
and Noteć rivers. Because the dunes here were 
created – at the end of the Pleistocene – by the 
deflation of extensive surfaces of terrace sands, 
the lithology of the dune sands is identical to 
that of the top of the dune subsoil. The iden-
tification of the boundary between the aeolian 
deposits and the deeper subsoil of fluvioglacial 
origin is therefore commonly difficult to estab-
lish. Such a transition is illustrated in Figure 
5, which gives – on the basis of three dynamic 
probings – an impression of the change of the 
density index ID at the boundary between these 
sediments in the KNP. Tests of the dunes and 
aeolian sand covers of limited thickness made 
it possible to identify the top of the terrace de-
posits distinctly. A similar picture of the change 
in ID between aeolian sediments and periglacial 
fluvial deposits in the WNI has also been docu-
Fig. 4. Locations of the study areas.
Fig. 5. Rapid increase in the relative density index (ID) 
in surficial layers at the boundary between aeolian 
sediments (dunes) and their immediate substratum 
(Wisła River terrace sands), as commonly present in 
the KNP area.
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mented thanks to CPT static probing (Radasze-
wski & Wierzbicki, 2007).
A second example of the application of 
CPTU probings concerns the boundary be-
tween two cohesive layers, viz. glacial tills of 
the Pomeranian and Poznań phases near Bar-
wice (PL). The boundary was found on the 
basis of a change in the soil-behaviour index 
(IC). Both a literature survey and field investi-
gations (Maksiak & Mróz, 1978; Dobracka & 
Pisarska, 2002) indicate that the various tills 
are here only occasionally separated from gla-
ciofluvial deposits. Over large areas the strati-
graphic subdivisions may be performed only 
by analogy, e.g. on the basis of the thickness 
of a clay deposit of known age. In such situa-
tions, additional data (parameter Ic) enable to 
interpret the stratigraphy (see Fig. 6). The tran-
sition in this profile from one stratigraphic unit 
to another is indicated by a change in IC. The 
potential applications of such static probings to 
the genetic interpretation of glacilacustrine de-
posits, supported by the use of statistical data 
analysis, have been presented in more detail by 
Wierzbicki et al. (2007).
3.2. Reconstruction of the variations 
in depositional conditions
Another example of the application of (dy-
namic DPL) probings, used to interpret the 
recorded changes in palaeo-environmental 
conditions possibly affecting the depositional 
history, is the analysis of the density index (ID) 
in dune sands and cover sands. The case study 
presented here was conducted in three areas, 
viz. the KNP and WNI (inland dune fields) and 
Fig. 6. Example of the application of parameter Ic to the 
genetic analysis of tills (Barwice profile-PL).
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Fig. 7. Characteristics of the compaction of the subsoil in the  Słowiński National Park west of Lake Łebsko, in the vicin-
ity of the lighthouse at Czołpino, at different depths. Dots mark probing sites; the red isoline denotes the value ID = 
0.67 (the boundary between the medium-compacted and compacted states). The blue isoline denotes the value ID = 
0.33 (the boundary between loose and medium-compacted states).
A – 1 m below ground level; B – 2 m below ground level; C – 3 m below ground level.
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the SNP (modern active coastal dunes). These 
deposits are composed mainly of fine- and 
medium-grained (Mz = 0.2-0.3 mm), very well 
sorted sands (U = D60/D10 = 1.4–2.2) of which 
the grains are subrounded and rounded (poor-
ly rounded α = 35–50%, medium rounded β = 
35–50%, and well rounded � = 4–11%, accord-
ing to the classification proposed by Krygows-
ki, 1964). They do not show stratification (they 
have a massive structure), but in spite of their 
apparent lithological homogeneity, the density 
index shows large variations. In the investi-
gated areas of the KNP, WNI and SNP, which 
have a total surface area of approx. 20 km2, over 
280 shallow probings (i.e. with a depth of max. 
4 m below ground level) and 14 deep probings 
(up to a depth of 7 m) were performed, with 
a total length of over 1 km. The locations of the 
probes for dynamic penetration tests (DPL) 
were determined by (1) the requirement to plot 
compaction maps for the deposits at a depth 
of 1, 2 and 3 m (examples of such maps con-
cerning the surroundings of a lighthouse in 
Czołpino in the SNP is presented in Figure 7); 
and (2) the need to document the variation, as-
sumed on the basis of literature (e.g. Bagnold, 
1941; Borówka, 1980), in the density index of 
aeolian sands on both the windward and lee-
ward slopes of dunes; the analyses fully con-
firmed and – what is a step forward – also reli-
ably showed that the values that were assumed 
on the basis of literature, particularly in inland 
dune fields of the KNP and WNI areas were 
correct) (see Fig. 8). 
Since the deposits had almost identical struc-
tural and textural characteristics, the lateral and 
vertical variations in ID values shown in Figure 
7 are probably influenced by the local condi-
tions, both during and after their deposition; 
this, unfortunately, disturbs the clarity of the 
picture. The responsible local conditions must 
have included, particularly for the SNP dunes, 
the wind directions and variations in subsoil 
moisture content and humidity, dependent of 
whether the dune slopes were directed north-
wards (seawards), or towards the south. The 
effects of these factors were superimposed on 
the standard mechanisms of aeolian transport, 
i.e. the compaction of the aerodynamic stream 
saturated with blown sand on the windward 
side of dunes and the gravitational transport of 
grains on their leeward slopes. 
Fig. 8. Generalised variations in the density index of the aeolian sands (calculated on the basis of results of dynamic 
probings with a DPL probe) from the KNP, WNI, and SNP, resulting from dune morphology.
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The combined effect of these phenomena is 
evident particularly in the near-surface layers 
of aeolian sands. It disappears with depth, as 
found most clearly in sands of modern active 
dunes in the SNP. The variation in the den-
sity index as a result of dune morphology in 
the inland dune fields of the WNI is closest to 
theory, as the assumed, theoretical situation is 
still found at a depth of 4 m.
The recorded ID values suggest the follow-
ing.
(1) The density of a deposit increases with 
time as a result of postdepositional processes. 
The loosest aeolian sands occur in the present-
day active dunes of the Słowiński National 
Park, while the dunes of inland fields in the 
KNP and WNI, which are similar in age (form-
ing since the end of the Pleistocene, up to the 
middle Atlantic: Radaszewski, 2003), exhibit 
densities that are mutually identical, but dis-
tinctly higher than that of the dunes in the 
SNP.
(2) The occurrence of zones of more or less 
compacted sand in the dunes, which are ex-
ceptionally homogeneous in grain size, may 
be explained primarily by fluctuations in the 
intensity of the aeolian transport, which may 
be high in certain periods (zones of less com-
pacted sand) or low (more compacted zones). 
This thesis might ultimately be confirmed by 
an accurate dating of aeolian–sand successions, 




Postdepositional (early–diagenetic) changes 
leading to the consolidation or even overcon-
solidation of the subsoil determine the strength 
properties of a soil fundamentally. They may 
therefore be reflected in the results of geotech-
nical soil analyses. The possibility to use static 
probings for the identification of the effect of 
postdepositional processes on sediments was 
shown by Wierzbicki (2010). Despite of other 
formulas allowing to calculate the overconsoli-
dation rate (e.g. Mayne, 1995), the used solu-
tions proposed by Wierzbicki (2010) on the 
basis of oedometer tests gave the most accu-
rate estimates for glacial tills. Additionally the 
research procedures developed by Wierzbicki 
make it possible to identify the vertical chang-
es in the overconsolidation ratio (OCR) and to 
facilitate the evaluation of subsoil stratigraphy 
based on premises resulting from the effect of 
postdepositional changes on the deposit. In 
that case the OCR values reflect not only the 
simple loading/unloading process but sev-
eral other postdepositional changes as well 
(as mentioned by Jamiolkowski et al., 1985). It 
should be emphasized that the OCR should re-
flect the overconsolidation effect on the subsoil 
Wierzbicki (2010).
The complex nature of geological processes 
does not allow – without additional geologi-
cal analyses – to evaluate the type of a specific 
process definitely, but can indicate only rela-
tive changes in a profile. This is in itself already 
a valuable premise, supporting the analysis of 
subsoil stratigraphy. An example of an applied 
OCR analysis regards the above-mentioned 
profile of tills from Barwice, where OCR values 
were derived using the soil-behaviour models 
developed for tills by Wierzbicki (2010) on the 
basis of a theoretical analysis and correlations 
with laboratory-derived OCR values using the 
methods of Casagrande (1936) and Janbu et al. 
(1981). Some of the solutions of these models are 
presented in Figure 3. Irrespective of the recog-
nised lithological units, changes in OCR values 
occur in this profile (Fig. 9). The scattered char-
acter of the calculated OCR values corresponds 
well with the scattering of other geotechnical 
parameters (such as the constrained modulus), 
which emphasizes the nature of the models 
used for OCR calculations, which are proper 
only in their statistical meaning. 
Based on observations by Locat et al. (2003), 
at least two or even three fragments in this pro-
file can be recognized as having been affected 
by subsoil overloading at different moments. 
The characteristic ’cut-off’ of the upper parts of 
the OCR profile may indicate erosion of part 
of the overlying layer before the deposition of 
younger tills. The recognized layers are also 
detectable by analysis of the subsoil rigidity. 
The mean values of constrained moduli deter-
mined on the basis of CPTU clearly indicate 
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three parts in the profile that differ in terms 
of consolidation. The OCR changes in the tills 
might also be explained by differences in the 
depositional conditions, as for a melt-out till 
and a lodgment till.
Another important problem connected 
with the analysis of the effect of postdeposi-
tional processes is the observation of elevated 
OCR values in normally consolidated gla-
ciolacustrine deposits (e.g. Zawrzykraj, 2006). 
As shown by Wierzbicki (2010), the effect of 
overconsolidation in glaciolacustrine deposits 
needs in this case be connected with the effect 
of processes not related with overloading or 
erosion of the overlying layer, but with the in-
fluence of the water-flow pressure and drying 
of the deposit.
4. Conclusions
In situ soil probing, of which the potential 
applicability to traditional geological analyses 
is recently assessed, has several advantages. 
These include the quickly obtained analytical 
results, a considerably reduced requirement for 
sampling and laboratory analyses, and quanti-
tative parameters of the soils under study. The 
main advantage of this method is objectivity of 
the analysis of input data.
Apart from these advantages, there are 
also some limitations. The main problem is 
not due to the probings themselves, but with 
their interpretations, as these may be manifold. 
Moreover, geotechnical parameters calculated 
on the basis of probing results, including, for 
instance, ID and OCR, depend on many factors. 
For example, the variation in the soil-density 
index ID, indicates even in thin layers a high 
sensitivity of this parameter as it depends on 
internal (structure, texture) and external (time, 
moisture content, loading by the overlying lay-
er, etc.) factors. In the case of OCR values, it is 
necessary to identify the basic physical proper-
ties of the deposit by collecting reference sam-
ples. When analysing the values of this param-
eter, it is necessary to consider the complexity 
of the overconsolidation effect of the subsoil 
and the high number of factors that influence 
this effect (Wierzbicki, 2010). It emphasized the 
limited application of the usage of Rf values as 
single indicators of the subsoil composition. 
On the other hand, the present authors’ ex-
perience in strongly and moderately overcon-
solidated soils shows a better applicability of 
the sleeve friction (fs) than reported by Lunne 
(2010) for soft clays from the Onsoy area (Nor-
way). This is probably due to two factors: the 
use of equipment from only two manufactures, 
and the higher horizontal-stress component in 
overconsolidated soils, which shift the range of 
fs measurements from 20 kPa to almost 200 kPa 
(and the high stiffness value of the subsoil re-
duces the tip penetration on the sleeve friction). 
Wierzbicki (2010) has shown also the statisti-
cally important correlation between normal-
ized fs measurements and the changes in the 
values of the coefficient of the earth pressure at 
rest, corresponding to simple unloading.
In terms of environmental geology, these 
facts seem to limit the applicability of dynamic 
and static probings in non-cohesive soils to lo-
cal tests, in which certain characteristics may be 
assumed to be constant. Probings document-
ing the compaction of aeolian deposits need to 
Fig. 9. OCR profiles corresponding to the  average values 
of M, as calculated for the till at the Barwice (PL) test 
site. 
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be treated rather as supplementary analyses. 
At a larger scale, the variations in soil density 
may be so significant, they may vary so chaoti-
cally, and they may be interpreted in so many 
different ways that ID becomes a less suitable 
parameter for analyses. 
The applicability of static probings in co-
hesive soils is different. These soils exhibit re-
gionally more identical lithological character-
istics, thanks to which probing results also will 
be fairly similar, thus facilitating geological 
analyses at a larger scale.
An additional advantage of the use of prob-
ings, particularly static probings, is connected 
with the possibility to perform statistical ana-
lyses of the data characterising the subsoil. Par-
ticularly promising results were obtained with 
cluster analysis, both at the local scale of a sin-
gle profile and in geological models covering 
an area of many square kilometres. 
Considering the advantages and limitations 
of the application of probings, irrespective of 
their type, they seem to be a good supplemen-
tary tool for local sedimentological analyses.
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